ABSTRACT: Growing evidence supports a link between brain copper homeostasis, the formation of alpha-synuclein (AS)-copper complexes, and the development of Parkinson disease (PD). Recently it was demonstrated that the physiological form of AS is N-terminally acetylated (AcAS). Here we used NMR spectroscopy to structurally characterize the interaction between Cu(I) and AcAS. We found that the formation of an AcAS−Cu(I) complex at the N-terminal region stabilizes local conformations with α-helical secondary structure and restricted motility. Our work provides new evidence into the metallo-biology of PD and opens new lines of research as the formation of AcAS−Cu(I) complex might impact on AcAS membrane binding and aggregation.
N eurodegeneration in Parkinson disease (PD) is characterized by the progressive loss of dopaminergic neurons in the substantia nigra and by the presence in multiple brain regions of amyloid fibrillar cytoplasmic aggregates, known as Lewy bodies, containing the protein alpha-synuclein (AS). 1 Although it remains unclear how AS initiates neuronal death, there is growing evidence that supports a role for AS aggregation in the pathological effects associated with PD. 2 Protein−metal interactions play an important role in AS aggregation 3, 4 and might represent a link between the pathological processes of protein aggregation, oxidative damage in the brain, and neuronal cell loss. 5−7 Indeed, the role of copper ions in AS amyloid assembly and neurodegeneration became a central question in the pathophysiology of PD. 8−10 Recently, abundant evidence revealed that AS undergoes Nterminal acetylation in vivo (AcAS). 11, 12 From several in vitro studies focused on the role of acetylation in AS, it was demonstrated that the cotranslational modification induces a modest population of α-helical conformation for the first six residues and enhances the lipid binding properties of the protein, whereas no significant differences were observed in the fibrillation kinetics between acetylated and nonacetylated AS. 13, 14 In that direction, it was reported recently that Nterminal acetylation of AS abolishes Cu(II) binding at the highaffinity Met-1 site present in the nonacetylated protein. 15 However, since copper ions are predominantly found in their Cu(I) state in the reducing environment of living cells, it is the characterization of the physiologically relevant AcAS−Cu(I) complexes that becomes fundamental to understand the impact of this interaction on protein conformation and aggregation. Accordingly, we report here the detailed structural characterization of Cu(I) complexes with the full-length acetylated AS protein.
The details of Cu(I) binding to AcAS were explored at an atomic resolution by NMR spectroscopy. We first recorded the 1 H− 15 N SOFAST-HMQC spectrum of Cu(II)−AcAS complexes (Supporting Information Figure 1) , which confirmed the lack of binding of the metal ion to the Met-1 site at the Nterminus. Then, ascorbate was added as reducing agent to generate the AcAS−Cu(I) complexes. 16, 17 The 1 H− 15 N SOFAST-HMQC spectra of AcAS−Cu(I) complexes revealed the occurrence of very large chemical shift changes in a discrete number of residues located at the 1−15 segment of the Nterminal region, with smaller shift perturbations centered on the amide group of His-50 and the region comprising residues 115−130 that contains Met residues at positions 116 and 127 ( Figure 1 ).Then, we investigated the interaction at pH 7.4 and 37°C using direct 13 C detection NMR methods, 18 on the basis that these conditions of pH and temperature would resemble more closely those found intracellularly. A similar profile of chemical shift changes for the AcAS−Cu(I) interactions was obtained from these studies after analysis of Cα and CO shift perturbations (Supporting Information Figure 2 ). Inspection of AcAS side chains through 1 H− 13 C HSQC spectra revealed that upon Cu(I) addition the most affected resonances corresponded to those of Hε−Cε and Hγ−Cγ correlations in Met-1 and -5 and to a lesser extent to those belonging to residues Met-116 and -127 and Hβ−Cβ from His-50 (Supporting Information Figure 3) .
We have previously shown that Cu(I) binding to nonacetylated AS occurs at three independent, noninteracting sites and is mediated by coordination of sulfur atoms from Met-1/ Met-5 (site 1), the imidazole ring of His-50 (site 2), and sulfur atoms from Met-116/Met-127 residues (site 3). 16, 17, 19 The results in Figure 1 and Supporting Information Figures 2 and 3 demonstrate that these coordination modes are preserved upon acetylation of Met-1. From the experiments in Figure 1A , the NMR-derived apparent affinities for the Cu(I) complexes at sites 1−3 (Met-1/Met-5 (site 1), His-50 (site 2), and Met-116/ Met-127 (site 3)) were K d app1 = 12 ± 4 μM, K d app2 = 50 ± 6 μM, and K d app3 > 200 μM, respectively (Supporting Information Figure 4) .
Overall, the results presented here demonstrate that AcAS is able to interact with Cu(I) with the same binding preferences and affinity features as nonacetylated AS. Notably, the changes observed in the chemical shifts of residues located in the vicinity of the high-affinity Cu(I) binding site were substantially different for the acetylated and nonacetylated proteins, 16, 19 a fact that motivated us to evaluate the AcAS−Cu(I) complexes in terms of their conformational properties. NMR chemical shifts are frequently used to probe the propensity of intrinsically disordered proteins to populate different secondary structure types. We then used 13 Cα and 13 Cβ secondary chemical shifts (SCS) 20 and secondary structure propensity scores (SSP) 21, 22 to compare the secondary structure content of AcAS and its Cu(I) complexed form. As previously reported, the SCS and SSP profiles for the acetylated form of the protein showed a slight increase in the population of α-helical conformation near the N-terminus, strictly limited to the first six residues (Figure 2A,B) .
13,14 Surprisingly, we detected a large increase in α helix content in the first 15 residues of Cu(I)-bound AcAS, as evidenced by large positive deviations of Cα and negative deviations of Cβ chemical shifts. Assuming a ∼3 ppm secondary chemical shift for an ideal α helix, our data is consistent with α-helical conformations sampled ∼20 and ∼70% of the time for the first 6 residues in AcAS and for the first 10 residues in the AcAS−Cu(I) form, respectively ( Figure  2A,B) . Apart from chemical shifts, 3 J HN−Hα couplings are particularly reliable quantitative reporters of the time-averaged distribution of the backbone torsion angles, ϕ.
23 Therefore, we measured a nearly complete set of J HN−Hα of ∼7 Hz for random coil, the approximate increase in the level of α-helical conformation is consistent with the one estimated by chemical shifts. We also analyzed NOE-based data to evaluate the increase of the α-helical content at the N-terminus of AcAS− Cu(I) relative to AcAS. From 3D
15 N NOESY-HSQC edited experiments, we were able to detect strong short-ranged NN (i − 1,i) and medium-ranged αN (i − 3,i) 1 H− 1 H NOE connectivities for the first 10 residues of AcAS−Cu(I), which were absent in the uncomplexed form of the protein (Supporting Information Figure 5A ,B). Added to this evidence, which is typically associated with α-helical character, 24, 25 we also quantified the intensity ratios between intraresidue d αN (i,i) and sequential d αN (i − 1,i) cross-peaks in both the metal-free and metalcomplexed states of the protein. 14 As shown in Supporting Information Figure 5C , the increased values measured for the 14 Altogether, the changes in the three independent indicators of helical propensity are consistent with the transition of a transient short α helix for the very N-terminal residues in AcAS toward a longer, more structured and stable α-helical segment in its Cu(I) complexed state.
Next, we characterized the dynamic properties of the Cu(I)-complexed state of AcAS. To this end we measured 15 N R 1 and R 2 relaxation rates and heteronuclear ( 1 H− 15 N) NOEs (hetNOEs). 26 Whereas structures persisting on supra-τ c (τ c = overall tumbling time) can be monitored by chemical shifts and scalar coupling constants (J), 15 N relaxation rates and hetNOEs are sensitive to motions faster than the overall tumbling time in the subnanosecond time regime. We first performed this set of experiments on the free state of AcAS, in which R 1 and R 2 relaxation rates and hetNOE data all showed similar sequence dependence: lower values were found at the termini of the protein, whereas the central portion of the relaxation profile formed a plateau with R 1 values between 1.3 and 1.8 s −1 , R 2 values between 2.0 and 4.0 s −1 , and hetNOEs in the range 0− 0.35 (Figure 3) . These results clearly indicate that AcAS exists as a highly flexible state, 27 in which the population of α-helical conformations remains low, fully consistent with our analysis of chemical shifts, scalar coupling constants and NOE data. Complexation with Cu(I) results in a small increase in the R 1 values for the first five residues in the protein; however, more pronounced deviations were found in the R 2 values (ranging between 5.0 and 7.0 s ) and NOE data (ranging between 0.35 and 0.6) for the first 10 residues and progressively smaller values for the following few residues (Figure 3) . These values indicated restricted local sampling in the pico-to nanosecond time scale and report on enhanced conformational order at the 1−15 amino acid segment of AcAS−Cu(I) relative to the free protein, consistent with the stabilization of an α helix at this site.
In this work, we have characterized the interaction between Cu(I) and the physiological, N-terminally acetylated form of the protein AS. The substantial increase in α helix conformation seen for N-terminally acetylated AS upon Cu(I) complexation, which extends from residues 1−10 as judged by NMR, is reported here for the first time. Moreover, to our knowledge there is no report in literature describing such a dramatic conformational change in AS or AcAS upon interaction with small ligands like metal ions. In fact, the interaction of Cu(I) with AS results only in a small increase of α-helical propensity near the N-terminus (Supporting Information Figure 6 ), highlighting the role of N-terminal acetylation in promoting local helical conformations upon Cu(I) binding. The increased helicity in AcAS−Cu(I) can be rationalized by stabilization of the helix macrodipole and formation of energetically more favorable hydrogen bond interactions triggered by the removal of the α amino positive charge upon acetylation 28, 29 and by the Cu(I)-induced structural rearrangement of Met-1 and Met-5 side chains, respectively. Considering that copper concentrations can reach up to 300 μM in synaptic vesicles 30, 31 and that AcAS is highly abundant (∼50 μM) in brain synaptosomes, 32 our results suggest that an AcAS−Cu(I) complex with stabilized helically folded conformations might exist in vivo. Linked to the fact that the Met-X3-Met motif at the N-terminus of AcAS resembles those found in helical copper transport proteins, 33−35 the formation of AcAS−Cu(I) complex at site 1 might have physiologically relevant implications in processes related to metal transport, membrane binding, or protein aggregation, which are enhanced by increased α-helical content at the N-terminus of the protein. 14, 36, 37 Overall, our findings open new avenues of investigations into the metallobiology of PD, reshaping the consideration of copper-mediated pathology in vivo. 
